We present deep MUSE observations of five quasars within the first Gyr of the Universe (z 6), four of which display extended Lyα halos. After PSF-subtraction, we reveal halos surrounding two quasars for the first time, as well as confirming the presence of two more halos for which tentative detections exist in long-slit spectroscopic observations and narrow-band imaging. The four Lyα halos presented here are diverse in morphology and size, they each display spatial asymmetry, and none are centred on the position of the quasar. Spectra of the diffuse halos demonstrate that none are dramatically offset in velocity from the systemic redshift of the quasars (∆ v < 200 kms −1 ), however each halo shows a broad Lyα line, with a velocity width of order ∼ 1000 kms −1 . Total Lyα luminosities range between ∼ 2 × 10 43 erg s −1 and ∼ 2 × 10 44 erg s −1 , reaching maximum radial extents of 13 − 30 pkpc from the quasar positions. We find larger sizes and higher Lyα luminosities than previous literature results at this redshift, but find no correlation between the quasar properties and the Lyα halo, suggesting that the detected emission is most closely related to the physical properties of the circum-galactic medium.
INTRODUCTION
The importance of studying the gas immediately surrounding galaxies has long been understood. In particular, as the circum-galactic medium (CGM) lies at the interface between galaxies themselves, and the diffuse hydrogen in the intergalactic medium (IGM) it holds the key to understanding some of the most fundamental concepts of galaxy formation and evolution (e.g. Tumlinson et al. 2017) . Until recently, the most prudent method of studying this diffuse medium relied on absorption features imprinted on the spectra of distant quasars by intervening gas e.g. Hennawi et al. 2006 , Hennawi & Prochaska 2007 , Farina et al. 2013 and Farina et al. 2014 who each used this technique to study the CGM around other quasars along the line of sight.
Studying the CGM in emission however is a greater challenge. Nonetheless, in recent years the detection of Lyα halos around quasars at lower redshift (e.g. 3 ≤ z ≤ 4) has become almost routine, in large part thanks to advances in instrumentation such as ESO's Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010 ) on the Very Large Telescope (VLT). MUSE has allowed us to enter the paradigm whereby extended Lyα emission is ubiquitous not only around active galaxies (Cantalupo et al. 2014 , Borisova et al. 2016 , Arrigoni Battaia et al. 2019 ) but also normal star-forming galaxies out to z ∼ 6 (Wisotzki et al. 2015 , Leclercq et al. 2017 , Drake et al. 2017a .
The study of quasars in the first Gyr of the Universe (z 6), is a probe through which we can directly observe young galaxies and their black holes during a rapid growth period. In addition, ionising radiation from the active galactic nucleus (AGN) can actually aid in the detection of CGM gas by causing it to shine more brightly in Lyα. Furthermore, as large amounts of gas are di-rectly funnelled onto the quasars' black holes, the accretion disks are luminous enough to allow their detection out to at least z = 7.5 (Bañados et al. 2018 ) with the current facilities, allowing us to probe sources of ionising photons, and the gas fuelling their growth, well into the epoch of reionisation.
To date, a handful of detections of extended Lyα emission around very high redshift quasars (z ∼ 6) have been reported. Roche et al. (2014) presented long-slit spectroscopy of the radio-loud quasar J2228+0110 at a redshift of z = 5.903 (see also Zeimann et al. 2011 ). At present, this remains the highest-redshift radio-loud quasar to show signs of extended Lyα emission. The z = 6.43 quasar J2329−0301 (Goto et al. 2009 ) is another example for which multiple measurements of a Lyα halo have been reported in the literature. Following its detection in narrow-band imaging, the halo was spectroscopically confirmed in Willott et al. (2011) and Goto et al. (2012) and in these long-slit studies, the halo around J2329−0301 appeared very similar to J2228+0110 in terms of size and luminosity. Finally, Farina et al. (2017) targeted the z = 6.61 QSO J0305−3150 with MUSE. With one of the highest SFRs and Eddington ratios above z ∼ 6, this quasar provides an ideal source to target a large gas reservoir surrounding one of the first QSOs. Farina et al. (2017) detected a faint Lyα halo around J0305 − 3150 extending ∼ 9 pkpc, offset in velocity by 155 km s −1 , and with a total luminosity of (3.0 ± 0.4) × 10 42 erg s −1 . Motivated by these studies, we search for Lyα halos in the deepest available MUSE observations of the highest redshift quasars (z ∼ 6). To reach approximately the surface brightness (SB) level achieved in Farina et al. (2017) , we queried the ESO archive for observations of exposure time ∼ 2 hours or greater, resulting in a total sample of five objects listed in Table 2 for details). The observations include two objects with evidence for extended Lyα emission from long-slit spectra (Willott et al. 2011 , Goto et al. 2012 , Roche et al. 2014 or narrow-band imaging (Momose et al. 2018) .
Our analysis proceeds as follows; in Section 2 we provide context and notes on previous observations of quasars in our study, and in Section 3 we describe our data reduction procedure and PSF-subtraction technique. We present our results in Section 4, beginning with MUSE images and spectra of each QSO. We then show our PSF-subtracted data and estimate total fluxes of Lyα halos where present, and maximum extents. We next analyse the datacubes to a uniform surface brightness limit, and assess the morphology, spatial offsets, velocity offsets and integrated line profiles. Finally we include spatially resolved analyses of the kinematic structure of each halo. In Section 5 we discuss our measurements within the context of the literature, and speculate on the presence of evolution in the CGM, and the mechanisms powering the Lyα emission.
Throughout this paper we use the terms 'quasar' and 'QSO' interchangeably, and assume a ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7 and h = 70 kms −1 .
PREVIOUS OBSERVATIONS
In Table 1 we summarise from the literature some basic properties of the QSOs analysed here.
J2228+0110
J2228+0110, at z = 5.903, was discovered via its radio emission as part of the Stripe82 VLA survey (peak flux density 0.31 mJy; Zeimann et al. 2011) . J2228+0110 is optically faint however, with M 1450 = −24.53, and consequently its radio loudness parameter is high, R ∼ 1100. With an LRIS spectrum, Zeimann et al. (2011) measured the velocity width of the Lyα line in the QSO spectrum to be 1890 km s −1 . Roche et al. (2014) returned to J2228+0110 with GTC-OSIRIS, and were the first to detect signs of an extended Lyα halo around the quasar. They measured a velocity width of the Lyα line (including QSO) of 1189 ± 24 km s −1 . In addition they extracted an offset spectrum towards the South-East of the quasar, and measured a flux of 2.02 ± 0.46 × 10 −17 erg s −1 cm −2 , with a peak of emission at 8386.26 ± 2.41 A. The Lyα luminosity of the halo was constrained to be L(Lyα) ≤ 7.8 × 10 42 erg s −1 extended for "at least" 9 pkpc. J2228+0110 is the only known radio-loud object in this sample. MUSE data for this object total 11.30 h (PI: Roche).
J2100−1715
J2100−1715 was uncovered as part of the CanadaFrance-High-z-Survey and reported in Willott et al. (2010b) , it has an M 1450 = −25.55 (Bañados et al. 2016) . It was also targeted as one of 27 z ∼ 6 quasars in the [CII] survey of Decarli et al. (2017) , allowing for an accurate determination of the systemic redshift. MUSE data were taken for this object (PI: Decarli), amounting to 3.70 h in total.
J1030+0524
J1030+0524 at z = 6.304 (Fan et al. 2001b ) was one of the earliest quasars to be discovered at z ∼ 6 in the Sloan Digital Sky Survey (SDSS), and has an Table 1 . QSOs for which archival MUSE data are presented in this paper. In the first four columns we list the object name, coordinates, and the reference for the discovery spectrum of each object. In the fifth column we list the current best estimate of each quasar's systemic redshift, in column 6 we give the method via which the systemic redshift was measured, and finally in column 7 we give the appropriate literature reference for the redshift measurement. Decarli et al. (2017) M 1450 = −26.99 (Bañados et al. 2016) . Momose et al. (2018) found no halo for this quasar in their Subaru narrow-band imaging. MUSE data are of integration time 6.43 h (PI: Karman).
J2329−0301
J2329−0301 (z = 6.417) was discovered as part of the Canada-France High-z Quasar Survey (CFHQS; Willott et al. 2007) , and has M 1450 = −25.25 (Bañados et al. 2016) . Goto et al. (2009) were first to find evidence of an extension to the Lyα emission, tentatively seen in Subaru/Suprime-Cam narrow-band imaging -they estimated an extent of 4 arcsec on the sky. Presence of the halo was confirmed in the long-slit spectroscopy of Willott et al. 2011 (measuring 8 × 10 43 erg s −1 over 15 pkpc or 2.7 arcsec) and Goto et al. 2012 (1.7 × 10 43 erg s −1 over 4 arcsec), and subsequently further narrowband imaging in Momose et al. 2018 (1.5 × 10 44 erg s −1 over 6.9 arcsec in diameter). This quasar was observed as part of MUSE Science Verification, with an integration time of 2 h.
P231−20
P231−20 is the highest redshift object in our study, at z = 6.586, discovered in Mazzucchelli et al. (2017b) . This quasar is one of the brightest known at z > 6.5; M 1450 = −27.20 (Bañados et al. 2016) ; and is known to have a very close companion galaxy detected in [CII] , and reported in Decarli et al. (2017) . MUSE data were taken as part of a programme (PI: Farina), with a total integration time of 3.20 h.
MUSE OBSERVATIONS AND ANALYSIS
We analysed the deepest available MUSE data for quasars at z ∼ 6. A summary of the sample is given in Table 1. 3.1. Data Reduction MUSE data and raw calibrations were downloaded from the ESO archive for each of the quasars listed in Table 1 . We used the MUSE Data Reduction Software (version 2.4.1) to reduce each individual exposure, combining them into deep datacubes for each object. Once the data were fully reduced we ran the Zurich Atmospheric Purge software (ZAP; Soto et al. 2016) to perform additional sky subtraction. On these final 'ZAPped' datacubes we perform the remainder of our analysis 1 .
PSF Subtraction
The detection of low-surface brightness emission around a bright point source requires removing the contribution of light from the unresolved object. This is achieved by characterising the point-spread function (PSF) in the data, typically using a bright star in the field, or in the case of a quasar, using the spectral continuum from the quasar itself. The quasar continuum is dominated by light from the accretion disk of the AGN, which is an unresolved source at the resolution of MUSE. For each QSO in this work we construct our model of the PSF following the steps outlined below. We utilise the simultaneous spatial and spectral information in the MUSE datacube to collapse several spectral layers of the quasar continuum, creating a "PSF image". Using the quasar itself allows us to avoid issues related to PSF variations across the field, and spatial interpolation. Indeed, in the analysis of the z ∼ 6 quasar presented in Farina et al. (2017) , these two commonly-applied PSF subtraction techniques were tested, and found to be equally reliable.
In constructing our PSF-image, there are two considerations in producing the most reliable result. Firstly, the need for signal to noise (S/N) in the PSF image means including as wide a spectral range as possible, however at these wavelengths (particularly > 7000Å) emission from the night sky varies rapidly as a function of wavelength, resulting in differences in the noise properties of adjacent wavelength layers even after careful sky-subtraction. This means that the S/N in the PSF Figure 1 . MUSE images and spectra of the five z ∼ 6 QSOs analysed here. The left-hand panels show fixed-width narrow-band images of ∆λ = 120Å centred on the predicted wavelength of Lyα from our best-estimate of the systemic redshift (see Table  1 ). The wavelength range of each narrow-band image is highlighted by the orange region on the spectrum. In the central panels we show the 'clean' continuum images, i.e. collapses of the QSO continuum emission, constructed using wavelength layers of the cube where night sky emission is low (see Section 3.2 for details). The layers combined to make the image are highlighted in pink on the spectrum. In the final column, we show the QSO spectrum extracted in an aperture of 2 arcseconds in diameter, the extraction region is given by the black circle on the narrow-band and continuum-collapse images. Dashed red lines on the spectrum give the predicted peak wavelength of the Lyα emission according to the systemic redshift.
image is actually improved by excluding wavelength layers of the cube which are most affected by sky lines.
The wavelength layers chosen to construct the PSF image for each quasar are highlighted in pink on the spectrum shown in Figure 1 2 . We then work systematically through each wavelength layer of the cube, scaling the flux in the peak pixel of the PSF image to the flux of the QSO in the same spatial pixel, and subtracting the scaled-PSF-image from the datacube wavelength layer. This way we produce an entire PSF-subtracted datacube 3 . Once the PSF-subtracted datacube has been created, we mask an ellipse of dimensions equal to the Gaussianequivalent PSF (the FWHM of a 2-dimensional Gaussian fit to the PSF image) in each wavelength layer, and exclude this central region from further analysis since it is likely to contain complex residuals.
RESULTS
We present the MUSE data for each QSO, together with the analysis of the PSF-subtracted datacubes in the subsections below.
Images and Spectra
In Figure 1 we show MUSE images and spectra for each QSO. The first panel shows a narrow-band image (∆λ = 120Å) centred on the predicted position of the Lyα line from our best estimate of the quasar systemic redshift. In the second panel we show the 'PSF image' constructed as described in Section 3.2 for the QSO continuum, and in the third panel we show the quasar spectrum extracted in an aperture of 2 arcseconds in diameter. The wavelength range of each image is highlighted on the spectrum, and likewise the extraction aperture of the spectrum is shown on each image.
Lyα halos at z ∼ 6
We detect extended Lyα emission around four out of five quasars in the PSF-subtracted datacubes. We proceed now by estimating the total fluxes of the halos, and maximum extents that the diffuse emission reaches from the positions of the quasars. In order to correctly measure the extent and luminosity of the Lyα halos, we need to cover the full spectral width of the Lyα line. As a result, for each quasar our pseudo narrow-band is comprised of a different spectral range, and hence reaches a different surface brightness limit. Wavelength layers which comprise each of these narrow bands are shown in Appendix A, and their corresponding 1σ surface brightness limits are listed in Table 2 . In order to facilitate comparison between the halos we will also analyse the data to a uniform surface brightness limit in Section 4.3 to assess the morphology, spatial offset of the emission peak from the quasar and the integrated velocity offset and velocity widths of the halos. Finally, in Section 4.3.3 we employ a S/N cut per voxel in order to produce the most sensitive maps of the kinematic structure of each halo, details follow in Section 4.3.3.
Total Lyα fluxes and maximum extents
We begin by visually inspecting the PSF-subtracted datacubes, and extracting a spectrum in a large aperture chosen by eye to encapsulate the visible extended emission (typically 6 arcseconds in diameter, see Appendix A). From this spectrum we then choose the appropriate spectral window over which to collapse the cube to encapsulate the entire spectral width of the Lyα line, resulting in our preferred pseudo narrow-band image.
In accordance with other works in the literature (e.g. Borisova et al. 2016 , Arrigoni Battaia et al. 2019 , Wisotzki et al. 2015 , Drake et al. 2017a , Drake et al. 2017b we use azimuthally-averaged profiles on these fixed-width narrow-band images in order to track the curve-of-growth of the extended emission around each object, and sum the Lyα flux within the radius where the light profile hits the background of the observations. Our best estimates of the total flux of each PSF-subtracted halo are presented in Table 2 , together with the wavelength layers over which the estimate was made, the maximum extent of the emission, and the corresponding total Lyα luminosity of each halo. We display the narrow-band images, and light profiles in Figure 2 .
By far the most prominent halo is that around radioloud J2228+0110, extending 5.1 arcsec or 29.1 pkpc, making it to date the largest halo detected around a z ∼ 6 quasar. We measure the total flux of the halo as 4.64 × 10 −16 erg s −1 cm −2 across this extent, a larger flux than any of the existing literature measurements. Roche et al. 2014 for example measured a halo flux of 2.02±0.46×10 −17 erg s −1 cm −2 , thus our estimate is an order of magnitude larger than previous measurements. This is likely to be due to very different observational techniques - Roche et al. 2014 estimate the halo flux in a long slit offset from the position of the quasar, confirm- Figure 2 . Fixed-width narrow-band images centred on the Lyα line, and azimuthally-averaged radial light profiles. Images in the left-hand column are constructed such that they encompass the spectral width of the Lyα line in the PSF-subtracted cube, details are outlined in Section 4.2.1 and shown in Appendix A. Overlaid is an aperture of 2 arcseconds in diameter (purple circle) and an aperture to show the profile radius determined in the adjacent column of panels. On the right-hand side we show each light profile and its 3 σ error out to a radius of ∼ 5 arcseconds, and exclude the very central region of the profiles which cannot be trusted due to possible PSF subtraction artefacts (shaded grey). The purple dashed line corresponds to the 2-arcsecond diameter aperture, and the grey dashed line indicates the radius where the light profile hits the background of the observations (dark orange lines represent the background level, and light orange lines denote the 1σ deviation).
ing the presence of extended emission, but by no means an observation designed to precisely measure the halo flux. J2100−1715, the next highest redshift object shows no sign of extended emission above the SB limit in these data (4.84 × 10 −18 erg s −1 cm −2 arcsec −1 ) in our narrow-band collapse around the Lyα line.
J1030+0524 shows a small but distinct halo towards the West extending 2.8 arcsec or 15.7 pkpc from the position of the quasar. Within this radius we measure a total flux of 4.28 × 10 −17 erg s −1 cm −2 . J2329−0301 is the only quasar other than J2228+0110 to have previous measurements of an extended Lyα halo. We detect a halo much as Goto et al. (2009 ), Willott et al. (2011 ), Goto et al. (2012 and Momose et al. (2018) do, extending North. In our data the halo reaches a maximum radial extent of 2.2 arcsec or 12.2 pkpc, with a total halo flux of 1.49 × 10 −16 erg s −1 cm −2 . Interestingly, our halo luminosity estimate is very similar to that of Momose et al. (2018) , although Momose et al. (2018) find a larger extension on sky (6.9 arcseconds in diameter in an image reaching an SB limit of 4 × 10 −18 erg s −1 cm −2 arcsec −1 at the 3σ level.). These differences are probably due to the image produced in this work being sensitive only to a higher SB limit (e.g. a 1σ limit of 6.80 × 10 −18 erg s −1 cm −2 arcsec −1 as quoted in Table  2 ) meaning the halo is less-well detected in its outskirts, but conversely the ability of MUSE to encapsulate the spectral width of the line very precisely (compared to narrow-band flux losses) means that we recover approximately the same total flux/luminosity.
Finally, we see a Lyα halo around P231−20 extending 3.4 arcsec, or 18.1 pkpc, of similar extent to J1030+0524, but with a total flux of 1.77 × 10 −16 erg s −1 cm −2 , approximately twice the flux of J1030+0524 (making it comparable in flux to J2329−0301). In Table 2 we report our best estimate of the maximum radial extent that each halo reaches from the position of the quasar, hitting SB background levels between 3.23 × 10 −18 erg s −1 cm −2 arcsec −1 and 7.11 × 10 −18 erg s −1 cm −2 arcsec −1 . All four of the halos have total Lyα luminosities greater than L Lyα = 1 × 10 43 erg s −1 , we will return to the halo luminosities in the context of other works in Section 5.
Properties of diffuse Lyα above a uniform surface-brightness limit
In literature searches, authors frequently survey objects to a uniform depth and consider only emission above some signal to noise or surface brightness level. In the data analysed here, the observations reach various depths (summarised in Table 2), and so in order to directly compare emission around the quasars we must compare the properties of the diffuse emission to a depth easily reached in all the observations. In Figure  3 we present the same narrow-band images described in Section 4.2.1, now in surface brightness units, and smoothed with a Gaussian kernel of 1.2 pixels to reveal the morphology of the halos. The images are contoured at 1.0 × 10 −17 erg s −1 cm −2 arcsec −1 to highlight the brightest emission around each source.
We discuss below our analysis of the morphology and emission-line properties of each halo, and summarise our findings in Table 3 .
Nebula morphology and spatial offsets
It is evident from Figure 3 that the extended emission around the four QSOs showing a Lyα halo is diverse in appearance and size. With the possible exception of J2329−0301, the halos are not centred on the spatial position of the QSOs, and none appear regular in shape.
We compute for each object the spatial offset between the position of the QSO and the peak of the halo emission (see Table 3 ). In Figure 3 we overlay a white cross at the position of the QSO, and a cyan cross at the peak of the halo emission in each panel. The halos are on average offset by 0.77 arcsecs (4.3 pkpc across their respective redshifts). Interestingly, the halo most removed from its associated QSO is radio quiet, and is the highest redshift object in our sample, P231−20, which is also known to have a close companion .
We also list in Table 3 the area in square arcseconds of the SB > 10 −17 erg s −1 cm −2 arcsec −2 emission in this image.
Velocity offsets and integrated line profiles
We consider the kinematic properties of the halos in two ways, beginning in this Section with the integrated properties of the halos. Firstly, in Figure 4 we show spectra of the quasar (upper panels), and those of the diffuse halo emission after PSF-subtraction (lower panels).
Spectra of the halos are extracted in apertures of 3 arcseconds in diameter, but excluding the central region (PSF).
Overall, the halos show little velocity offset from their respective QSOs, either with respect to the systemic redshift (or our best-estimate thereof c.f. Table 1) or the peak of the quasar's Lyα emission. The absence of a significant velocity offset between the halo and the QSO, suggests that we are not witnessing an infall/outflow scenario e.g. the predictions of Villar-Martín et al. (2007) and Weidinger et al. (2005) .
Interestingly, the velocity widths of the emission line profiles for each halo are very broad, of only marginally lower velocity width than the Lyα from the QSO. This Figure 3 . Smoothed surface brightness images and spectra of the PSF-subtracted Lyα halo. Note that the central 4 pixels (approximately the size of the PSF) have been masked in the datacube and thus do not contribute to the images or spectra shown here. In the left-hand panels we show the same narrow-band image as in Figure 2 , now smoothed with a Gaussian kernel of σ = 1.2 pixels, in units of surface brightness, and contoured at a level of SB= 1.0 × 10 −17 erg s −1 cm −2 arcsec −1 (black line). On this image we show the quasar position (white cross) and the peak of the Lyα emission in the halo which remains after PSF-subtraction (cyan cross), in addition to an aperture of 2 arcseconds in diameter. In the right-hand panels we show in filled-blue the spectrum extracted from the PSF-subtracted cube within the 2-arcsecond diameter aperture, and overlay in black a spectrum extracted by summing all the voxels (volumetric pixels) lying within the 1.0 × 10 −17 erg s
contour. The dashed red line gives the predicted position of the peak of the Lyα emission according to the systemic redshift of the quasar (Table 1) , and the shaded orange region corresponds to the wavelength region that makes up the narrow-band image. Table 2 . Total fluxes and luminosities for the five QSOs discussed in this work. In the first column we give the QSO names.
In the second and third columns we report our measurement of the total flux and corresponding log luminosity. These are the values summed within our measurement of the maximum extent of the halos on-sky. Columns 4 and 5 report the maximum radial extent we measure for each QSO, in arcseconds, and pkpc at the respective QSO redshifts. In the sixth column we give the wavelength range and width (N layers) over which the measurements were made. In the final two columns we give the 1 σ surface brightness limits first in the wavelength layer where the peeak of the Lyα emission is detected, and finally in the narrow-band image constructed from the wavelength range listed in column 6. is an interesting contrast to the halos seen in Borisova et al. (2016) , however is strikingly similar to the case seen in Ginolfi et al. (2018) .
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Spatially resolved kinematics
In contrast to the integrated values, spatially-resolved kinematic maps give us an insight on the internal kinematics of the halos (as opposed to the bulk motion relative to the quasar discussed above in Section 4.3.2).
We keep the wavelength layers chosen in Section 4.2, smooth the datacube in the two spatial directions with a Gaussian kernel of σ = 1.0 pixel, and threshold the individual voxels (volumetric pixels) according to their S/N. In the first column of panels of Figure 5 we show the zeroth-moment (flux images) that satisfy our S/N cut i.e. the voxels which make up the remainder of the kinematic analysis 4 . Keeping all voxels with S/N > 2.0 we calculate the first-and second-moment maps. Again, much as in Borisova et al. (2016) and Arrigoni Battaia et al. (2019), we do not assume any particular form of the Lyα line (i.e. we do not attempt to fit a Gaussian profile), and instead compute the non-parametric fluxweighted moments.
In the central column we show the first moment, i.e. the flux-weighted velocity of the halos relative to the peak of the Lyα emission from the halo, to provide information on the internal velocity structure of the halos. In these maps we can search for any sign of ordered motion -although the Lyα line is not necessarily the best tracer of gas motion due to complex radiative transfer issues, we can use the velocity offset of the emission to look for any obvious signatures.
The four halos present a complex picture, which is difficult to interpret. Each halo shows a velocity gradient across its spatial extent, indicating some movement in the gas, with total velocity ranges of ∆v ∼ 400 kms −1 (i.e. ±200 kms −1 relative to the peak of the Lyα from the halo).
In the case of J2228+0110, the only known radio-loud quasar in the sample, the gradient occurs in an EastWest direction (i.e. not varying with distance from the quasar) and with a slight warp. J1030+0524 on the other hand displays a tentative velocity gradient with distance from the quasar, gas at the spatial position of the quasar is redshifted by ∼ 200 kms −1 , but by the outer extents of the halo has shifted to ∼ −200 kms −1 . J2329−0301 again shows some signs of ordered motion, with a velocity gradient and warp. Finally, P231−20, the highest redshift object in our sample, displays some complex patterns. The quasar resides towards the South of the halo, with a patch of redshifted emission below it. Northwards of the quasar the emission is however blueshifted, and further North still, the offset-blobs of emission are again redshifted (∼ 200 kms −1 ) relative to the quasar.
In the right-hand column of images we show the second moment, or velocity dispersion, σ, within the halos 5 . Each halo shows a very broad Lyα line. The radio-loud quasar J2228+0110, does display the highest velocity dispersion, as one might expect following literature results such as Borisova et al. (2016) and Ginolfi et al. (2018) . The next two highest-redshift objects in our sample J1030+0524 and J2329−0301 both show a lower velocity dispersion. J1030+0524 appears to show uniform values across its full extent, whereas for J2329−0301 larger velocity dispersions are seen closer to the position of the quasar. Finally P231−20 again displays complex information. Here, the quasar is certainly centred in the region of highest velocity dispersion, but there is a secondary peak in the image at the position of the large blob of emission in the North-Westerly direction.
5. DISCUSSION
Comparison to Lower Redshift Samples
Many results in the literature have noted that Lyα SB profiles, halo Lyα luminosities, and maximum projected sizes show smaller values at z∼6 than at lower redshift. In Figure 6 we present our measured Lyα halo luminosities and maximum projected sizes in the context of a compilation of literature sources. We include in the plot Lyα halos around all QSOs (both radio-loud and radioquiet) from Borisova et al. (2016) and Arrigoni Battaia et al. (2019) in addition to the compilation presented in the PhD thesis of Arrigoni-Battaia 6 across the redshift range 2 < z < 5. At redshift z > 6 we show the measurements presented in this work, and the data point from Farina et al. (2017) .
Evidence for Luminosity Evolution?
Our measurements show little evolution of the luminosity of Lyα halos with redshift. This is in contrast to previous measurements at z ≥ 6. Our re-analysis of J2228+0110 in the MUSE datacube places its luminosity Table 3 . Properties of diffuse emission of SB > 1 × 10 −17 erg s −1 cm −2 arcsec −1 . In the first column we give the QSO names. In the second column we present the contiguous area in square arcseconds that is above SB > 1 × 10 −17 erg s −1 cm −2 arcsec −1 . In the third and forth columns we give the spatial offset of the peak of the halo emission from the position of the QSO, in arcseconds and pkpc. In the fifth column we give the velocity offset of the halo from the QSO, and in the final column we give the velocity width (FWHM) of the Lyα line arising from the halo.
QSO
Area > 1 × 10 Figure 4 . Spectra of each QSO, and its Lyα halo. In the upper panels we show the QSO spectrum extracted from the central four pixels (i.e. approximately the size of the PSF). In the lower panels we show spectra of the Lyα halo in the PSF-subtracted datacube in an aperture of 3 arcseconds in diameter. Note that for the Lyα halo spectra the central four pixels centred on the QSO have been masked from the datacube and do not contribute to the Lyα halo spectrum. Overlaid on each pair of spectra are the predicted position of the Lyα line according to our best estimate of the systemic redshift of the quasar (red line); and the peak of the PSF-subtracted emission (blue line). For each object we fit a Gaussian profile to the PSF-subtracted line to estimate the velocity width. The best-fit FWHM values in kms −1 are noted on each panel.
an order of magnitude higher, and likewise, J1030+0524, which previously was not reported to display a Lyα halo, now appears with a small halo of moderate luminosity, that is an order of magnitude more luminous than Farina et al. (2017) . This stresses the need for larger samples of Lyα halos around QSOs at z ∼ 6.
Evidence for Size Evolution?
In the right-hand side of Figure 6 we show the maximum-projected diameters of our sample and those in the literature 7 . The plot appears qualitatively much as figure 6 of Ginolfi et al. 2018 , who also note the apparent trend of increasing maximum projected size towards lower redshift. This size evolution is also corroborated by Momose et al. (2018) , who argue that the 7 Note: we now discuss diameters of the halos by taking 2× the maximum radial projections measured in this work. This is for consistency with literature results, despite the fact that many reported halos, and all those presented in this work, are asymmetric. Borisova et al. (2016) (circular symbols) across the redshift range 2 < z < 5. At redshift z > 6 we show the data point from Farina et al. (2017) , and the measurements presented in this work (star symbols). In each panel we plot halo redshift on the abscissa, and a commonly measured halo property on the ordinate; in the left-hand panel, measured total halo luminosities, and in the right-hand panel the measured maximum projected diameters in proper kiloparsecs, overlaid with a dashed line to show the apparent size of a typical Borisova et al. (2016) halo with redshift at our sensitivity limit. Size and luminosity information is also encoded in both panels as the size of the plotted points, and their colours, respectively. 4 ) for each of our objects. The shaded region indicates our surface brightness limit. We overplot the average profiles of Borisova et al. (2016) and Arrigoni Battaia et al. (2019) .
Lyα halo sizes scale with the size of evolving dark matter halos. Although we confirm with our data that the proper sizes are smaller at higher redshift, we do not propose any specific scaling in this work.
We next compare our measurements to the average surface brightness profile measured in Borisova et al. (2016) at z = 3.2 . If we assume that this halo is typical of quasar (Lyα) halos across cosmic time, we can predict its appearance at redshift z in observations reaching our average surface brightness limit (for the sources measured in this paper, the sizes are measured on a background of a (∼ 3 − 7)× 10 −18 erg s
see Table 2 ). For instance, we can see from Figure 6 , that at z ∼ 6 the value of the Borisova et al. (2016) halo's maximum projected diameter would be measured as ≤ 15 pkpc in observations reaching a surface brightness level of SB ∼ 5.0 × 10 −18 erg s −1 cm −2 arcsec −1 . This means that each of the Lyα halos presented in this work appears larger than a typical Borisova et al. (2016) halo would appear placed at z ∼ 6.
Evidence for Surface Brightness Profile Evolution?
In Figure 7 we present the azimuthally-averaged surface brightness profiles of each of the quasars presented here. We show the surface-brightness-dimming corrected profiles (i.e. SB obs × (1+z) 4 ) on a scale of proper kiloparsecs (pkpc). The grey shaded area shows our surface brightness sensitivity. A comparison to Borisova et al. (2016) and Arrigoni Battaia et al. (2019) shows that we would barely have detected their average profiles in our observations.
Physical Origin of Lyα emission
In order to determine the energy source and spatial origin of the Lyα emission observed here as a halo, we need additional line diagnostics from the same gas. With Lyα alone, we can only use the velocity width and spatial extent on-sky to speculate on the physical processes at work. In addition, we can use previous observations of the QSOs to look for any correlation between the observed properties of the QSOs and the Lyα halos.
In Figure 8 we plot for each source its halo luminosity against an observable commonly used to characterise the quasars themselves. In the left-hand panel we show Lyα halo luminosity against M 1450 , which can also be used as a proxy of the black hole mass. The scatter of the measurements in this plot does not imply any direct link-with-/influence-by the black hole on the Lyα halo. Indeed, J2100−1715 which displays no halo above the limit of our observations is firmly towards the middle of the range of M 1450 values, as is the data point from Farina et al. (2017) which displays only a faint halo 8 , however our dynamic range is indeed limited, and we present only four halos. In the right-hand panel we show the halo luminosity again against the log of the far-infrared luminosity, tracing obscured star-formation. Note that unfortunately no information is available for J2228+0110. Again the points show no obvious correlation between star formation activity in the host galaxy and the powering of the Lyα halo. These results point towards a scenario in which the Lyα halo emission may be more closely related to properties of diffuse gas in the CGM/IGM than of the black hole or host galaxies' stellar populations.
Lyα Emission within R vir ?
A particularly interesting question is whether we are observing pristine gas in the IGM falling onto the QSOs, or gas that is part of the objects' CGM i.e. within the virial radii. To make any statement about the extent of the emitting gas with respect to each object's virial radius, we need to make some assumption about the hosting M DMhalo . Evidence suggests that black holes are already 10 9 M at z ∼ 6 (Mazzucchelli et al. 2017a) , and that gas masses are of order 10 10 M , and the sum of these components will be M DMhalo . As such, we assume a conservative lower limit of log 10 M DMhalo = 11.5 to compute R vir according to Equation 1 (as in Arrigoni Battaia et al. 2019 ): Figure 8 . Observed quasar properties plotted against Lyα halo luminosities for all sources presented in this work, and the halo in Farina et al. (2017) . In the left-hand panel we show the absolute magnitude at 1450Å, and in the right-hand panel the far-infrared luminosity. Points in each panel are colour-coded by redshift. Figure 9 . Surface brightness profiles of our Lyα halos normalised to the virial radius for a dark matter halo of mass log M DMhalo = 11.5 M (see text). We show the Lyα halos measured in this work in thick black lines, and the measured profile of Arrigoni Battaia et al. (2019) (1) where ρ crit (z) is the critical density at redshift z. For log 10 M DMhalo = 11.5 at z = 6 this gives a virial radius of R vir ≈ 30 pkpc. Each of the Lyα halos presented in this work display a maximum radial extent 30 pkpc, meaning that, unless the hosting dark matter halo mass log 10 M DMhalo = 11.5 (which we consider unlikely) we are observing emission from circum-galactic gas inside the virial radius i.e. not the IGM. To investigate the nature of this gas further (pristine? first in-fall? outflows?) requires additional diagnostics which are not currently available.
5.4. Lyα Halos Consistent with Evolution Seen at z = 2 − 3?
Arrigoni Battaia et al. (2019) derive an empirical model of Lyα halo evolution from z = 3.2 to z = 2.25. They find that the normalisation of their surface brightness profiles decreases by approximately an order of magnitude over this redshift range. Assuming that this trend holds out to z = 6, we estimate the resulting profile and compare to our observations in Figure 9 , assuming the virial radius estimates from Section 5.3. Our SB profiles fall below such an empirically predicted evolution. This means that the evolution between the average SB profile at z ∼ 3 and z ∼ 6 is not as strong as that seen between z ∼ 3 and z ∼ 2 in Arrigoni Battaia et al. (2019) .
CONCLUSIONS
We present MUSE (archival) data of five z ∼ 6 QSOs. After PSF-subtraction we search for extended Lyα emission in the vicinity of each quasar. For four out of five QSOs we detect extended, diffuse Lyα emission, directly probing the CGM at z ∼ 6.
Our findings are summarised below:
1. The four Lyα halos presented here are diverse in morphology and size, they each display spatial asymmetry, and none are centred on the position of the quasar.
2. None of the halos are significantly offset in velocity from the systemic redshift of the quasars (∆ v < 200 kms −1 ). Figure 10 . Spectral windows over which we choose to perform photometry of each PSF-subtracted halo. The left-hand panels show narrow-band images, with an aperture of 6 arcseconds overlaid, and the pixels excluded from the Lyα halo analysis due to complex PSF-subtraction residuals are masked. In the right-hand column of panels we show the spectra extracted from within the 6 arcsecond diameter aperture from which the wavelength layers to make up the fixed-width narrow-band image were chosen by eye. The wavelength range chosen is highlighted in orange on the spectrum. These wavelength ranges are then propagated to the total-flux measurements (Section 4.2.1, and Figure 2) , and the surface brightness images from which we analyse the 'bulk properties' of each halo (Section 4.3, and Figure 3) . Figure 11 . White-light images of each ZAPPED MUSE datacube used in this analysis. In each cutout the quasar is marked by a green cross. The images demonstrate that our measurements are not affected by very bright continuum objects in close proximity to any of the quasars.
